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a  b  s  t  r  a  c  t
The manufacture of structured ceramic porous support knows an important boom since
more than a decade with the development of new shaping techniques. Among the most
promising ones, the freeze-casting also called Ice-Templating allows the fabrication of ceramic
parts exhibiting high porosity (>50%) and vertically aligned and hierarchically organized
pores. Such structures were ﬁrstly conceived for biomedical applications like bone sub-
stitute and tissue engineering, but the distinctive features of freeze-cast structures have
attracted the attention of diverse scientiﬁc ﬁelds, especially in high temperature ceramic-
based energy production systems. Indeed, technologies like (a) Solid Oxide Fuel Cell (SOFC)
and Electrolyser Cell (SOEC), (b) gas separation (O2, H2) by asymmetric supported membranes
based on mixed ionic and electronic conductors (MIEC) or hydrogen-permeable metals, and
(c)  Catalytic Membrane Reactor (CMR) systems present a porous component in their physical
structure. This latest, presenting a tortuous pathway for gas access and as a consequence,
a  high transport limitation, is known to be a limiting component for the operation at high
ﬂow streams that would enable to reach industrial target.
The aim of this paper is to give an overview of the freeze-casting ceramic shaping method
and  to show how its implementation could be useful for several energy applications where
key  components comprise a porous scaffold. A detailed presentation of the freeze-casting
process and of the characteristics of the resulting porous parts is ﬁrstly given. The charac-
teristic of freeze-cast parts and the drawbacks of conventional porous scaffolds existing in
energy applications are drawn in order to highlight the expected beneﬁcial effect of this new
shaping technique as possible substitute to the conventional ones. Finally, a review of the
state  of the art freeze-cast based energy applications developed up to now and expected to
be  promising is given to illustrate the large perspectives opened by the implementation of
the freeze-casting of ceramics for energy ﬁelds. Here we suggest discussing about the feasi-
bility  of incorporate freeze-cast porous support in high temperature ceramic-based energyapplications.
©  2016 SECV. Published by Elsevier España, S.L.U. This is an open access article under the
CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Artículo  de  revisión.  Freeze-casting:  Fabricación  de  soportes  cerámicos
con  porosidad  elevada  y  altamente  estructurada  para  aplicaciones
energéticas
Palabras clave:
Freeze-casting
Colado por congelación
Porosidad jerárquica
Separación de gas
Aplicaciones energéticas
r  e  s  u  m  e  n
La fabricación de soportes cerámicos porosos a través de nuevas técnicas de conformado
es  clave en el desarrollo de nuevos dispositivos en el sector energético y de la ingeniería
química. La técnica de freeze-casting (colado por congelación) permite obtener componentes
cerámicos muy bien sinterizados, con muy alta porosidad y poros con formas concretas.
Los  poros se orientan de manera que las propiedades de transporte de ﬂuidos a su través
son  óptimos con respecto a otros tipos de estructuras porosas más irregulares. Concreta-
mente, en el sector de la energía los soportes porosos se utilizan en aplicaciones tales como
pilas  de combustibles de óxidos sólidos o electrolizadores, membranas para la separación
de  gases, típicamente O2 o H2, y reactores catalíticos de membrana. En este artículo se
revisan de manera exhaustiva los desarrollos en estos campos utilizando freeze-casting para
el  conformado de cuerpos porosos cerámicos.
© 2016 SECV. Publicado por Elsevier España, S.L.U. Este es un artículo Open Access bajo
cia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1 – Sketch of the growing of ice crystals during the
freezing step and the associated distribution of ceramicla  licen
Introduction
Freeze-casting  process
Since more  than a decade, the growing interest for the devel-
opment of ceramic parts with hierarchical porosity exhibiting
high mechanical properties led the scientiﬁc community to
focus on alternative shaping technique to substitute the con-
ventional foaming technique [1,2] and the use of pore former
precursors. Indeed, they are quite simple to implement but
the organization of the resulting porosity remains random in
most of the cases. Even if new mathematical models for the
representation of the tortuosity have been recently given [3], it
remains very difﬁcult to model such random microstructures.
Among the emerging techniques, freeze-casting also known
as ice-templating, is an attractive shaping method for the fab-
rication of highly porous and hierarchically organized ceramic
structures. It consists of freezing generally by the bottom a
ceramic slurry followed by the sublimation of the solvent
by freeze-drying at both low pressure and temperature. The
freezing of the ceramic slurry induces, in a repetitive pat-
tern, the growing of vertical solvent crystals along the freezing
direction and the associated rejection of ceramic particles
between these crystals (Fig. 1). Finally, the as-obtained green
body after solvent removal by freeze-drying is sintered for
consolidation and the ﬁnal freeze-cast sample exhibits hier-
archically and vertically aligned porosity which is the replica
of the original solvent crystals.
Slurry  formulation  and  porosity  control
A basic ceramic slurry formulation for the freeze-casting com-
prises at least 3 components and its ﬁne tuning enables to
tailor pore size and shape, and overall porosity [4–8]:1. The ﬁrst component is the ceramic powder. Its loading
is usually in the range 10–50 vol% of the whole slurry [9].
A lower value would be problematic for the mechanicalparticles rejected between the ice crystals.
integrity of the ﬁnal structure with very thin ceramic walls
while a higher value would not be favourable for the grow-
ing of solvent crystals and the subsequent formation of
connected porosity due to the low solvent content in the
slurry. Several physico-chemical characteristics of the pow-
der will inﬂuence the slurry stability like the grain size, the
acidity or the basicity, the distribution size or the speciﬁc
surface area. Nevertheless, since the ﬁrst pioneering shap-
ing experiments using freeze-casting, it has been shown
that almost all ceramic materials but also some metals
can be used and shaped: alumina [10], yttria-stabilized zir-
conia YSZ (Y2O3 doped ZrO2) [11], titanium oxide [12,13],
glasses [14–16], but also composite materials like NiO-
YSZ [17], LSCF (La0.6Sr0.4Co0.2Fe0.8O3−ı)–CGO (Gd2O3 doped
CeO2) [18] and metals [19].
2. The second component of the slurry is the solvent. Up
to now, literature details the use of three main solvents
which are water [7,20], camphene [21–24] and tert-butyl
alcohol [25–27], each one resulting in a different porosity
shape. Water is the most common in the freeze-casting
process due to the absence of chemical toxicity all along
the process. The resulting porosity associated to the use of
b o l e t í n d e l a s o c i e d a d e s p a ñ o l a d e c e r á m i c a y v i d r i o 5 5 (2 0 1 6) 45–54 47
(Tio2)
(LSC + LW ) (LSCF) (LSCF + ZRA)
100µm
100µ 10m µm
100µm
20µm
50µm
(YSZ)
ba
(YSZ + ZRA)
 c
ed f
Fig. 2 – Set of fracture cross-section FE-SEM images for freeze-cast structures obtained for different ceramic materials and
slurry compositions: (a) TiO2, (b and c) 3 mol% Y2O3 doped ZrO2 (YSZ) without and with a zirconium acetate complex (ZRA)
structuring agent respectively, (d) composite material La0.87Sr0.13CrO3 (LSC) – La5.5WO12−ı (LW)  and (e and f)
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Porous  supports  for  energy  applicationsa0.6Sr0.4Co0.2Fe0.8O3−x (LSCF) without and with a zirconium
water as solvent presents a lamellar shape due to a ver-
tical ice growing velocity much more  important than the
horizontal one. Camphene, which offers dendritic porosity
[28], is also implemented as solvent since its solidiﬁcation
occurs in the temperature range 44–48 ◦C but its volatility
can be struggling during the freezing step and could hin-
der achieving an homogeneous porous structure in all over
the thickness [29]. Finally, the tert-butyl alcohol, giving a
porosity with prismatic shape [25], has also been used as
solvent but in a less usual way.
. The last component of the ceramic slurry corresponds to
the additives and generally consist of: (i) a powder disper-
sant to ensure the stability and the viscosity of the slurry
(to avoid sedimentation and gradient concentration during
the freezing step), and (ii) a binder to provide a sufﬁcient
mechanical strength to the green body structure during the
freeze drying step and thus avoid its collapse. Additives
can also be present in the slurry as structuring agent [30].
Indeed, as demonstrated by Deville et al., the presence of
a zirconium acetate complex in an alumina slurry partici-
pates to the structuring of the porosity shape leading to a
six-fold symmetry and a ﬁnal honeycomb-like microstruc-
ture [31,32]. Before freezing, an additional step of de-airing
in a vacuum desiccator can be realized to remove air bubble
trapped into the slurry [33] while the use of few drops of an
antifoaming agent can also be considered for a good homo-
geneity and the absence of air bubble during the freezing
[19].
The versatility of the technique detailed above and the
arge variety of ceramic material selection and slurry compo-
ition from literature is detailed in Table 1.
An interesting characteristic of the freeze-casting pro-
ess is indeed its versatility through all the components of
he ceramic slurry and the freezing conditions (temperature,
elocity, direction). A set of microscopic images presenting
reeze-cast structures obtained in our lab for different ceramic
aterials and slurry compositions is given in Fig. 2 as antate complex structuring agent respectively.
example. We  can see that 5 ceramics materials (TiO2, YSZ:
3 mol% Y2O3 doped ZrO2, LSC: La0.87Sr0.13CrO3, LW: LaWO12−ı
LW and LSCF: La0.6Sr0.4Co0.2Fe0.8O3−ı) have been shaped. The
porous organization, the porosity size and the thickness of the
ceramic walls strongly vary from one to another. The inﬂu-
ence of the presence of a structuring agent in the initial slurry
is also depicted for the 3YSZ ﬂuorite and the LSCF perov-
skite structures. For the 3YSZ material, we  clearly note the
honeycomb-like structure above mentioned while the com-
bination of the LSCF powder and of the zirconium complex
results in porosity with rectangular shape.
Finally the last degree of freedom available for the tailo-
ring of the porosity is the control of the freezing velocity [34].
Indeed, by modifying the velocity it is possible to tune the pore
size. As a general rule, the slower the freezing velocity, the
larger the solvent crystals and thus the porosity width after
the freeze-drying step [35].
Originally, the ﬁrst references relating the use of freeze-cast
structure present the development of hydroxyapatite struc-
ture for biomedical applications such as bone substitute and
tissue engineering [15,36–38]. Considering that the interest of
the ceramic scientiﬁc community towards the freeze-casting
really started about 10 years ago, the majority of the papers
published up to now essentially focus on the elementary
understanding of the technique and the effect of each param-
eters over the ﬁnal porous structure. Nevertheless and due
to the speciﬁc hierarchical microstructures offered by these
freeze-cast structures, i.e. large aligned pores with high poros-
ity generally >50%, a wide range of opportunities for several
applications can be imagined, especially in the ﬁeld of the
energy production [39].Sustainable energy production represents today a great chal-
lenge because of the large CO2 emission from industrial
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Table 1 – Overview of state of the art materials and slurry compositions used for freeze-casting process in energy applications.
Material Particle size d50 Powder loading Solvent Binder Dispersant/additives Freezing conditions Targeted application Reference
Al2O3 1 m 20, 30, 40 vol% Water PVA 1 wt% PA sodium 2 wt% Copper rod Various [10]
Al2O3 0.37 m 45–62.5 vol% Water Acrylic emulsion
2 wt%
Ammonium PM
1.2 wt%/glycerol
Up to −35 ◦C – [20]
Al2O3 400 nm – Water PVA Ammonium PM
1 wt% + various
additives
Metallic rod with
temperature
control
–  [5]
Ferritic stainless steels 15–45 m 36–56 wt% Water Hydroxyethyl
cellulose
Carboxymethylcellulose
sodium  salt
Between  −40 ◦C
and −80 ◦C
SOFC
interconnector
[19]
LSCF/CGO/BSCF 2 m 40–50 wt% Water PEG 1–4 wt% PA 1–4 wt% Copper rod Permeation
membrane
[53]
LSCF-CGO – 27 vol% Water – Alon A-6114 – SOFC electrode [18]
LSM-YSZ 0.8–0.3 m 23 vol% Water PEG 5 wt% Ammonium PM
1.6 wt%
Copper rod SOFC cathode [44]
TiO2 100–200 nm 10–50 wt% Water PVA Ammonium PA/PEG Doctor Balde at
−18 ◦C
–  [12]
YSZ 1.26 m 15 vol% TBA PVB 0.5 wt% Alkali solution Copper rod Thermal
insulation
[11]
YSZ 0.55 m 10–50 vol% TBA PVB Ammonium PM Solidiﬁcation at
RT over Al foil
SOFC electrodes,
catalysts
[26]
Ca10(PO4)6(OH)2 (HAP) 3 m 40–60 wt% Camphene/water CA Dolapix/glycerol RT/copper rod Tissue
engineering
[14]
Homemade Bioglass <2 m 40–60 wt% Camphene/water CA Dolapix/glycerol RT/copper rod Tissue
engineering
[15]
Al2O3 0.4 m 20–49.5 wt% Camphene Amine derivative – Solidiﬁcation at
RT
Implantable
bone scaffolds
[21]
NiO-YSZ <100 nm 20 vol% Camphene Oligomeric PE
3 wt%
–  Solidiﬁcation at
RT
SOFC electrode [23]
PZT/PZN 10–25 vol% Camphene Oligomeric PE
3 wt%
–  Solidiﬁcation at
RT
Low frequency
hydrophones
[24]
TiO2 – 14.87 wt% Camphene PS 0.56 wt% Texaphor 3250
0.56 wt%
Solidiﬁcation at
RT
Photocatalysis [13]
TBA: tert-butyl alcohol; CA: carboxylic acid; PE: polyesther; PA: polyacrylate; PM: polymethacrylate; PEG: polyethylene glycol; PVA: polyvinyl alcohol; PVB: polyvinyl butyral; RT: room temperature.
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Fig. 3 – Sketches of 3 high temperature ceramic-based energy production applications including a porous component in
their structure: (a) Solid Oxide Fuel Cell, (b) oxygen permeation MIEC membrane and (c) oxygen-based Catalytic Membrane
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roduction resulting in the global warming and the cli-
atic change. Among the different technologies considered as
romising for an improved and greener energy production, we
ave decided to focus on the Solid Oxide Fuel Cell (SOFC) and
lectrolyser Cell (SOEC), the O2/H2 separation by mixed ionic
nd electronic asymmetric ceramic membrane (MIEC) and the
atalytic Membrane Reactor (CMR). These systems present
imilarities in their conﬁguration and operation like the oper-
ting temperature (in the range 400–1000 ◦C), the materials
nvolved in their fabrication (mixed oxides, perovskites and
etals) and ﬁnally the presence of a porous component in
heir physical structure. In the case of MIEC membrane and
MR  the porous support is generally made of only one mate-
ial exhibiting both ionic and electronic conductivity while for
 SOFC, electrodes are made of two different materials pre-
enting each one a speciﬁc conductivity (Fig. 3). For chemical
ompatibility and thermal expansion purposes, the porous
upport is generally made of the same material than the dense
ayer one.
equirements
or these technologies, the porous element has two different
unctions.
. The ﬁrst one is to maintain the mechanical integrity of
the membrane assembly made of porous support, dense
thin-ﬁlm and catalytic interfaces. Focusing on the Wag-
ner’s law ruling the gas permeation in a MIEC membrane
when the bulk diffusion is the main controlling step, i.e.
at high temperature generally >700 ◦C (for lower tempera-
tures, the surface exchange may become the rate-limiting
process and the Wagner’s law is no longer applicable), it
is necessary to minimize the dense top layer thickness to
increase the permeate ﬂux [40]. Conventional ceramic coat-
ing techniques like screen-printing or dip-coating allow
the elaboration of micrometric-scale layer while advanced
coating techniques like radiofrequency (RF) sputtering or
chemical vapour deposition (CVD) permit to reach the
sub-micrometre scale. Such thin layer cannot be handled
without a support which has to be porous for the reason
previously detailed. It is interesting to note that this func-
tion is also sought in the case of an anode-supported SOFCwhere the electrolyte is the thinnest element of the stack
and where one porous electrode (typically the anode) gives
the mechanical stability to the cell assembly.
2. The second function of the porous support is physico-
chemical and relies on providing (i) a high mixed electronic
and ionic conductivity and (ii) a high density of Triple Phase
Boundary (TPB) where ion, electron and gas can meet for
reaction. Indeed, due to the low reaction site density on
the interface porous support/dense layer, it is worthy that
the porous support exhibits a high density of TPB where
the gaseous oxygen (in the case of O2 separation) and the
electronic and ionic conductive phases are gathered. In this
case only, the gaseous oxygen can be dissociated in molec-
ular O2− species and then transported to the dense layer
where the permeation occurs.
As detailed above, porous supports are today mainly pre-
pared by conventional ceramic techniques and by using
polymeric or graphite pore former precursors. It results gener-
ally in a non-optimized, random and tortuous pathway for gas
diffusion and as a consequence, leads to high gas transport
limitations in the porous media; it is also call concentra-
tion polarization. This process is caused by the depletion of
the active molecules (e.g. O2 or H2) and the accumulation of
retentate molecules (e.g. N2 or CO2) in the pore system that
precludes the diffusion of the active molecules towards the
top thin separation layer. This situation strongly reduces the
overall permeation. It appears that the porous support limita-
tions are major in the overall process (speciﬁcally in the case
of MIEC/Pd membranes and CMR) and partly hinder to reach
the targeted requirement for industrial applications. The need
of improving the porous structure and to fabricate hierarchi-
cal scaffolds [41] is real and the most interesting option lies
in the implementation of the freeze-casting process. Indeed,
as detailed in the introduction section, freeze-cast structures
exhibit a high porosity coupled with large vertically aligned
pores, both characteristics sought for boosting gas transport
through the porous support of energy production systems like
SOFC, high-temperature gas-separation membranes and CMR.Experimental  technique
The fabrication of freeze-cast part is generally realized by the
same way whatever the solvent or the slurry composition.
 d e 50  b o l e t í n d e l a s o c i e d a d e s p a ñ o l a
The slurry is casted in a Teﬂon® mould plugged to a metallic
(copper, aluminium etc.) rod. The latest is immerged in liq-
uid nitrogen or an ethanol-dry ice bath (or casted at ambient
temperature in the case of camphene as solvent) and the cool-
ing down of the slurry takes place to a velocity depending on
the thermal conductivity of the metal used for the rod. After
removal from the mould, the sample is freeze-dried at both
low temperature and pressure during several hours to remove
the solvent crystals. The ﬁnal sintering step of the green body
gives a handling densiﬁed sample with vertically aligned and
hierarchical porosity. As detailed above, it is also possible to
tailor the porosity size by controlling the freezing velocity [42].
It implies the use of a liquid nitrogen circuit coupled with tem-
perature controller for the progressive freezing of the slurry.
Nevertheless, due to the complexity of such setup, the ﬁrst
option is the most common in literature.
Freeze-casting  and  energy  applications:  state  of
the  art  and  outlook
Up to now, literature related to freeze-casting and high tem-
perature ceramic-based energy applications remains limited.
Nevertheless, some research groups have started to conceive
how the freeze-casting technique could be implemented to
these processes. This section aims to emphasize on the results
present in literature up to now.
Solid  Oxide  Fuel  Cells
The ﬁrst reference to SOFC and freeze-casting in litera-
ture is attributed to Moon et al. [18]. Using camphene
as solvent, they prepared a freeze-cast composite of the
La0.6Sr0.4Co0.2Fe0.8O3−x (LSCF) and Ce0.9Gd0.1O1.95 (CGO) pro-
totypical oxide-ion conducting powders exhibiting a porosity
of 42.1% after sintering at 1350 ◦C. Then, they coated a 30 m
thick CGO dense layer on the surface of the freeze-cast com-
posite facing the metallic rod during the freezing step. Indeed,
during the ﬁrst instant of freezing, it exists a transient state
where the growing of solvent crystals has not reach yet its
steady state thus giving smaller and less ordered crystals. The
resulting porosity of such layer is smaller and the subsequent
coating of functional layers becomes easier due to the lower
mean pore diameter. Finally, a half-cell cathode/electrolyte
with a highly porous and organized cathode microstructure
for SOFC system was obtained. The same group also published
the development of a tubular freeze-cast NiO-YSZ compos-
ite as anode fuel cell [17]. By modifying the original setup
conﬁguration to a tubular metallic mould immerged in liq-
uid nitrogen, they developed a 2 mm thick NiO-YSZ composite
freeze-cast porous support with radially aligned pores. The
further coating of a dense YSZ layer gave a half-cell with
tubular conﬁguration. Despite a promising organized porous
architecture, both references do not detail the slurry com-
position, the powder dispersion and the homogeneity of the
metal and of the ceramic in all over the electrode volume.
This characteristic is very important especially for the anode
microstructure in order to minimize the possible mechani-
cal constraint created during the reduction reaction of NiO
to metallic Ni before the SOFC operation. Gannon et al. alsoc e r á m i c a y v i d r i o 5 5 (2 0 1 6) 45–54
manufactured a NiO-8YSZ/YSZ half-cell using freeze-casting
and speciﬁc physical vapour deposition (PVD) techniques to
fabricate the anode and to coat a <1 m dense electrolyte
respectively [43]. An interesting preliminary work has been
performed by Wei et al. They used the freeze-casting tech-
nique to fabricate hierarchical and porous ferritic stainless
steel support as possible interconnector for fuel cell gas sup-
plying [19]. The resulting structure exhibits porous channels of
about 50 m width for a total porosity ranging 21–38% accord-
ing to the initial metal loading. Finally, a three-layer structure
consisting of a porous LSM-YSZ cathode, a dense YSZ elec-
trolyte and a standard NiO/8YSZ cermet anode was deposited
onto the green metallic tapes by screen printing. Nevertheless,
the ﬁnal cell has not been evaluated in realistic conditions and
no more  data became available. More recently, Lichtner et al.
published a study dealing with the preparation of a freeze-cast
cathode for SOFC system [44]. The work emphasizes the essen-
tial good control of the dispersion for the two components LSM
and YSZ powders in order to optimize the percolation of both
phases and the number of TPB.
All these results are very promising since they demonstrate
the feasibility of Solid Oxide Fuel Cell anode, cathode and
interconnector fabrication by the freeze-casting technique. By
controlling both the slurry preparation and composition and
the freeze-casting process, it is possible to obtain a homoge-
neous well-sintered composite or a metallic microstructure
with hierarchical porous organization at large scale, both
being key points for boosting gas transport. Nevertheless and
despite these interesting results, literature does not detail
more  than the fabrication step and no evaluation in realis-
tic conditions has been reported yet. Thus, it remains difﬁcult
to quantify the beneﬁcial effect of freeze-casting towards the
fuel cell technology.
Gas  separation  membrane
Permeation membrane for gas separation detailed Fig. 2
is today one of the most interesting substitute to existing
systems for O2/H2 production thanks to its low energy con-
sumption and the high purity of the produced gas. Here again,
very few reports for the implementation of the freeze-casting
are available in literature.
Involved  materials
Perovskite ABO3−ı compounds are one of the most studied
membrane materials for oxygen production with easy cation
substitutions enabling the material to be tuned and thus
the intrinsic properties, like ionic and electronic conductiv-
ities, catalytic activity and chemical stability towards CO2
atmosphere, to be improved. Among the most studied perov-
skite materials, we can cite La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF) and
Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF), presenting the highest oxy-
gen permeation in the temperature range from 600 ◦C to
1000 ◦C. Speciﬁcally, LSCF is a promising candidate since it
combines a competitive O2 separation rate with acceptable
thermo-chemical stability in realistic gas environments for
different applications such as oxy-fuel based power plants
and IGCC (Integrated Gasiﬁcation Combined Cycle). Another
class of materials matching the targeted characteristic is the
cer-cer (for ceramic-ceramic) family [45,46]. These composite
d e c e r á m i c a y v i d r i o 5 5 (2 0 1 6) 45–54 51
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Fig. 4 – FE-SEM image of the LSCF freeze-cast asymmetricb o l e t í n d e l a s o c i e d a d e s p a ñ o l a 
aterials are composed of two ceramic structures exhibiting
ach one a speciﬁc conductivity (ionic or electronic) and can
e synthesized by a one step process bringing small grain size,
mproved morphology, homogeneity of both phases for a com-
lete percolation of both conductive phases and promising
tability under CO2 [47] and also SO2 [48] atmosphere. This
ption is interesting since it may overcome the trade-off exist-
ng with MIEC materials. Indeed, the cations substitutions in
IEC structure can result in a ﬁnal loss of chemical stabil-
ty under the harsh industrial conditions of the technologies
etailed above.
Concerning the proton-conducting membranes, the most
ommon materials are based on the SrCeO3−ı and BaCeO3−ı
erovskite structures. They usually present a very high pro-
onic conductivity but are instable in presence of SO2 and CO2.
nother family of proton-conducting materials is based on zir-
onate perovskite, exhibiting high protonic conductivity but
equiring generally a very high sintering temperature (gener-
lly >1700 ◦C) leading to issues during the shaping process and
 decrease of the sought conductivity. As possible substitute
o these materials, the tungstate (Ln6WO12) family is widely
tudied since few years and present the advantage to be stable
nder CO2 and SO2 atmosphere [49–52]. These materials ﬁnd
pplication in (1) electrochemical systems based on proton-
onducting electrolytes, such as ceramic proton-conducting
uel cells/electrolysers, galvanic H2 separators and H2 sen-
ors, and (2) semi-permeable H2 membranes and associated
embrane reactors.
esults  from  the  state  of  the  art
he main results come from the Instituto de Tecnología Química
ITQ) and deal with O2 transport membranes. Recently, we
eveloped two innovative asymmetric freeze-cast ceramic
IEC membranes for oxygen production. These two reports
resenting the implementation of freeze-casting for high tem-
erature gas permeation membrane and its evaluation under
ealistic conditions initiated the activity in this area.
The ﬁrst one was fabricated with the LSCF perovskite mate-
ial (from Oerlikon-Metco) known to exhibit a high mixed
onic and electronic conductivity and a relatively good sta-
ility in presence of CO2. The elaborated freeze-cast support
xhibits 60% of porosity with large and aligned pores with
veraged sizes between 5 m and 20 m.  A 30 m-thick dense
op-layer of the same material was screen-printed over the
reeze-cast support and the whole membrane was evaluated
or oxygen permeation (Fig. 4). This freeze-cast membrane
xhibits unprecedented oxygen ﬂux with a maximum value
f 6.8 mL  min−1 cm−2 at 1000 ◦C under air. The values are
arkedly above the results achieved so far with conventional
reparation techniques, i.e. with tape-casting (Fig. 5a). The
nterest of the freeze-casting technique for the manufacture of
orous support has been widely pointed out in this study with
he evaluation of the pressure drop for three gases through
he freeze-cast porous support and its systematic comparison
ith a porous support elaborated by conventional techniques.
s detailed in Fig. 5b, the pressure drop through a freeze-cast
upport is always lower than the pressure drop through a con-
entional support. It remains very moderated even with an
nlet ﬂux of 400 mL  min−1 with a value of only 0.53 bar mm−1membrane and related O2 separation from air.
while it is of about 8 bar mm−1 at the same inlet ﬂux for a
conventional support exhibiting a random porosity [53].
Such freeze-cast asymmetric membrane has also been cat-
alytically activated by screen-printing a 30 m thick LSCF
porous layer over the dense top layer of an asymmetric freeze-
cast LSCF membrane and evaluated for oxygen permeation.
Membrane activation leads to a noticeable improvement of
the oxygen permeation ﬂux (JO2) in the low-temperature
region (<700 ◦C), at which catalytic gas exchange is the most
limiting process. An enhancement of 54% in JO2 is obtained
(JO2 = 0.17 mL  min−1 cm−2) in air at 600 ◦C thanks to the addi-
tion of the LSCF catalytic porous layer, whereas the maximum
oxygen permeation is reached when pure oxygen is fed to the
membrane at 1000 ◦C with a high value of 16.3 mL  min−1 cm−2.
The most appealing effect of the catalytic layer is its protec-
tive feature under oxycombustion conditions, that is, under a
CO2-rich atmosphere at high temperature [54].
Recently, an optimized composite materials NiFe2O4/
Ce0.8Tb0.2O2−ı has been developed and presents promising
oxygen permeation permeance and unprecedented chemical
stability in CO2 and SO2 [48]. After a full study of chem-
ical reactivity with the LSCF perovskite, this material has
been implemented as dense top-layer over a LSCF freeze-cast
porous support. The ﬁnal asymmetric membrane revealed
promising oxygen permeation ﬂuxes with peak values of
4.8 and 12 mL min−1 cm−2 at 1000 ◦C in argon using air and
pure oxygen as feeds, respectively. The stability under CO2
was also evaluated and showed a very low degradation with
time [55].
Catalytic  Membrane  Reactor
A CMR is a gas permeation membrane activated with
a functionalized porous catalytic layer (FCL) allowing a
heterogeneous catalytic reaction like suggested in Fig. 6 with
the methane partial oxidation. The coupling of a reaction
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Fig. 5 – (a) Evolution of the oxygen permeation ﬂux as a
function of temperature for an asymmetric freeze-cast
membrane and for an asymmetric membrane presenting a
support elaborated by tape-casting with pore former
precursor [40]. Both membranes are made of the LSCF
perovskite materials and the dense top layers have a
similar thickness of 30 m;  (b) normalized pressure drop P
across two LSCF porous supports (empty symbols: support
prepared by freeze-casting, ﬁlled symbols: support of the
asymmetric membrane developed in [40]) as a function of
FCL
O2–
O2
N2
Fig. 6 – FE-SEM image of an all LSCF Catalytic Membrane
Reactor operating the methane partial oxidation for syngas
synthesis (CH4 + ½O2 → 2H2 + CO). FCL stands for Functionalthe Ar, He and N2 ﬂow rate and at 900 ◦C.
consuming the permeated O2 increases very strongly the per-
meation ﬂux, since the driving forces is the different of natural
logarithms of the O2 partial pressures as postulated by Wag-
ner’s law. In this situation, the gas transport in the porous
support can become limiting and the use of freeze-cast porous
structures can alleviate the diffusion limitations. The sur-
face functionalization of the membrane on the permeate side
increases the number of active sites for the targeted catalytic
reaction. This is typically done by applying porous catalytic
coatings with thickness below 100 m.
The integration of ceramic CMR  operating at high tempera-
ture in power plants and energy-intensive industries makes it
possible the energy-efﬁcient separation of CO2. In the case of
partial oxidation reactions [39,56] in petrochemical industry,
the use of CMR  enables the operation at high yields and mini-
mizes downstream (separation and recycling) costs, since high
hydrocarbon concentration can be fed without surpassing
ﬂammability/exposition limits, in contrast to conventionalCatalytic Layer.
reactors, which are strongly limited to small hydrocarbon con-
centration in feed. Up to now and due to the lack of literature,
it cannot be found any publication of freeze-cast-based CMR.
Water  desalination
Among the different membrane applications in energy-
intensive industries and where freeze-cast porous scaffolds
could be positively implemented, we can additionally cite liq-
uid ﬁltration and treatment, and speciﬁcally we  will focus on
water desalination. Indeed, this process does not take place
at high temperature and under gaseous atmosphere but the
porous characteristics of the freeze-cast scaffolds appear to
be quite attractive focusing on the last progress dealing with
carbon nanotubes (CNTs) for water treatment.
Salt removal from seawater is one of the biggest challenges
of today’s world for giving access to pure water to everybody
especially in underdeveloped countries. Nowadays, reverse
osmosis is the process implemented at the industrial level for
water desalination. The selective barrier of such membrane is
generally made of an aromatic polyamide with pore smaller
than 0.6 nm [57]. Industrially developed in the 70s, the process
has reached maturity and studies have recently conﬁrmed
that industrial plants operate at the thermodynamic restric-
tions limits [58]. The emergence of new technologies and in
particular of nano technologies opens a wide range of oppor-
tunities and alternatives to existing membrane processes. In
the last decade, the development and focus on CNTs [59–62] for
salt rejection from seawater has shown that its implementa-
tion could allow to compete with polymeric-based membranes
and to decrease the consumed energy and carbon footprint
of industrial plant by operating at higher ﬂows. For this, it
will be necessary to get a porous structure to support these
CNTs and presenting a (i) minimal tortuous pathway for water
b o l e t í n d e l a s o c i e d a d e s p a ñ o l a d e c
Pore
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5µm
Fig. 7 – Schematic representation of CNTs deposited into
the porosity of a freeze-cast scaffold for water desalination
application.
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technique, J. Am. Ceram. Soc. 88 (5) (2005) 1108–1114.iffusion and (ii) the possibility to activate its surface walls
ith the deposition of CNTs by Chemical Vapour Deposition
CVD) [61,63]. In this optic, the freeze-cast porous scaffolds
ppear like a valuable option and deserve to be studied. A
chematic representation of CNTs deposited into a freeze-cast
orous scaffold is given in Fig. 7.
onclusions
his paper presents a survey of the freeze-casting shaping
echnique highlighting its versatility and great potential in the
eld of high temperature ceramic-based energy applications
uch as Solid Oxide Fuel Cells, gas separation membranes and
dvanced Catalytic Membrane Reactors. The introduction sec-
ion has shown that the hierarchical and vertically aligned
orosity structures obtained by freeze-casting present all the
haracteristics for boosting gas transport and to substitute
andomly organized porous support which hinder to reach
ndustrial targets. Few reports of existing freeze-cast energy
pplications are available in literature but the ﬁrst published
esults have shown the feasibility of incorporate freeze-cast
orous structures as SOFC and MIEC membrane component.
ater desalination has also been pointed out as a possible
pplication even if the complete lack of literature data does
ot allow to rule about it. The authors think that freeze-casting
s a very young technique although the ﬁrst results are very
romising and open a wide range of perspective for different
pplications. Time and experimental dedication is worthy and
ill lead to a major improvement of existing ceramic-based
nergy technologies.
cknowledgements
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he EU through FP7 GREEN-CC Project (Grant Agreement Num-
er: 608524) is gratefully acknowledged. e r á m i c a y v i d r i o 5 5 (2 0 1 6) 45–54 53
 e  f  e  r  e  n  c  e  s
[1] P. Sepulveda, Gelcasting foams for porous ceramics, Am.
Ceram. Soc. Bull. 76 (10) (1997) 61–65.
[2] A.R. Studart, et al., Processing routes to macroporous
ceramics: a review, J. Am. Ceram. Soc. 89 (6) (2006) 1771–1789.
[3] Y. Zhang, et al., New formulas for the tortuosity factor of
electrochemically conducting channels, Electrochem.
Commun. 60 (2015) 52–55.
[4] B. Delattre, et al., Unidirectional freezing of ceramic
suspensions: in situ X-ray investigation of the effects of
additives, ACS Appl. Mater. Interfaces 6 (1) (2014) 159–166.
[5] E. Munch, et al., Architectural control of freeze-cast ceramics
through additives and templating, J. Am. Ceram. Soc. 92 (7)
(2009) 1534–1539.
[6] S.R. Mukai, H. Nishihara, H. Tamon, Porous properties of
silica gels with controlled morphology synthesized by
unidirectional freeze-gelation, Microporous Mesoporous
Mater. 63 (1–3) (2003) 43–51.
[7] C. Peko, B. Groth, I. Nettleship, The effect of polyvinyl alcohol
on the microstructure and permeability of freeze-cast
alumina, J. Am. Ceram. Soc. 93 (1) (2010) 115–120.
[8] C. Pekor, I. Nettleship, The effect of the molecular weight of
polyethylene glycol on the microstructure of freeze-cast
alumina, Ceram. Int. 40 (7 Pt A) (2014) 9171–9177.
[9] W.  Li, K. Lu, J.Y. Walz, Effects of solids loading on sintering
and properties of freeze-cast kaolinite–silica porous
composites, J. Am. Ceram. Soc. 96 (6) (2013) 1763–1771.
[10] Y. Tang, et al., Novel freeze-casting fabrication of aligned
lamellar porous alumina with a centrosymmetric structure,
J.  Eur. Ceram. Soc. 34 (15) (2014) 4077–4082.
[11] L. Hu, et al., Control of pore channel size during freeze
casting of porous YSZ ceramics with unidirectionally aligned
channels using different freezing temperatures, J. Eur.
Ceram. Soc. 30 (16) (2010) 3389–3396.
[12] L. Ren, Y.-P. Zeng, D. Jiang, Fabrication of gradient pore TiO2
sheets by a novel freeze–tape-casting process, J. Am. Ceram.
Soc.  90 (9) (2007) 3001–3004.
[13] Z. Xing, et al., A ﬂoating macro/mesoporous crystalline
anatase TiO2 ceramic with enhanced photocatalytic
performance for recalcitrant wastewater degradation, Dalton
Trans. 43 (2) (2014) 790–798.
[14] K.K. Mallick, Freeze casting of porous bioactive glass and
bioceramics, J. Am. Ceram. Soc. 92 (2009) S85–S94.
[15] K.K. Mallick, J. Winnett, Preparation and characterization of
porous bioglass® and PLLA scaffolds for tissue engineering
applications, J. Am. Ceram. Soc. 95 (9) (2012) 2680–2686.
[16] M. Naviroj, et al., Directionally aligned macroporous SiOC via
freeze casting of preceramic polymers, J. Eur. Ceram. Soc. 35
(8) (2015) 2225–2232.
[17] J.-W. Moon, et al., Preparation of NiO–YSZ tubular support
with radially aligned pore channels, Mater. Lett. 57 (8) (2003)
1428–1434.
[18] J.-W. Moon, et al., Preparation of dense thin-ﬂm solid
electrolyte on novel porous structure with parallel pore
channel, J. Ceram. Soc. Jpn. 110 (1281) (2002) 479–484.
[19] P. Wei, et al., Metal supported solid oxide fuel cell by freeze
tape casting, ECS Trans. 35 (1) (2011) 379–383.
[20] S.W. Soﬁe, F. Dogan, Freeze casting of aqueous alumina
slurries with glycerol, J. Am. Ceram. Soc. 84 (7) (2001)
1459–1464.
[21] K. Araki, J.W. Halloran, Porous ceramic bodies with
interconnected pore channels by a novel freeze casting[22] Y.-H. Koh, et al., Effect of polystyrene addition on freeze
casting of ceramic/camphene slurry for ultra-high porosity
 d e 
(2015) 186–224.
[63] M. Elimelech, W.A. Phillip, The future of seawater54  b o l e t í n d e l a s o c i e d a d e s p a ñ o l a
ceramics with aligned pore channels, J. Am. Ceram. Soc. 89
(12) (2006) 3646–3653.
[23] Y.-H. Koh, J.-J. Sun, H.-E. Kim, Freeze casting of porous
Ni–YSZ cermets, Mater. Lett. 61 (6) (2007) 1283–1287.
[24] S.-H. Lee, et al., Fabrication of porous PZT–PZN piezoelectric
ceramics with high hydrostatic ﬁgure of merits using
camphene-based freeze casting, J. Am. Ceram. Soc. 90 (9)
(2007) 2807–2813.
[25] R. Chen, et al., Ceramics with special porous structures
fabricated by freeze-gelcasting: using tert-butyl alcohol as a
template, J. Am. Ceram. Soc. 90 (11) (2007) 3478–3484.
[26] S.W. Soﬁe, Fabrication of functionally graded and aligned
porosity in thin ceramic substrates with the novel
freeze–tape-casting process, J. Am. Ceram. Soc. 90 (7) (2007)
2024–2031.
[27] D.F. Souza, et al., Synthesis and structural evaluation of
freeze-cast porous alumina, Mater. Charact. 96 (2014)
183–195.
[28] B.-H. Yoon, et al., Highly aligned porous silicon carbide
ceramics by freezing polycarbosilane/camphene solution,
J.  Am. Ceram. Soc. 90 (6) (2007) 1753–1759.
[29] Y.-H. Koh, et al., In situ fabrication of a dense/porous
bi-layered ceramic composite using freeze casting of a
ceramic–camphene slurry, J. Am. Ceram. Soc. 89 (2) (2006)
763–766.
[30] C.J. Clarke, S.L. Buckley, N. Lindner, Ice structuring proteins –
a  new name for antifreeze proteins, Cryoletters 23 (2) (2002)
89–92.
[31] S. Deville, C. Viazzi, C. Guizard, Ice-structuring mechanism
for zirconium acetate, Langmuir 28 (42) (2012) 14892–14898.
[32] S. Deville, et al., Ice shaping properties, similar to that of
antifreeze proteins, of a zirconium acetate complex, PLoS
ONE 6 (10) (2011) e26474.
[33] T. Fukasawa, et al., Synthesis of porous ceramics with
complex pore structure by freeze-dry processing, J. Am.
Ceram. Soc. 84 (1) (2001) 230–232.
[34] H. Schoof, et al., Control of pore structure and size in
freeze-dried collagen sponges, J. Biomed. Mater. Res. 58 (4)
(2001) 352–357.
[35] L. Qian, H. Zhang, Controlled freezing and freeze drying: a
versatile route for porous and micro-/nano-structured
materials, J. Chem. Technol. Biotechnol. 86 (2) (2011)
172–184.
[36] B.-H. Yoon, et al., Generation of large pore channels for bone
tissue engineering using camphene-based freeze casting,
J.  Am. Ceram. Soc. 90 (6) (2007) 1744–1752.
[37] S. Deville, Freeze-casting of porous biomaterials: structure,
properties and opportunities, Materials 3 (3) (2010) 1913.
[38] K.K. Mallick, Freeze casting of porous biomaterial scaffolds
for  bone tissue engineering, in: Advances in Bioceramics and
Biotechnologies, John Wiley & Sons, Inc., 2010, pp. 23–36.
[39] J. Garcia-Fayos, et al., Oxygen transport membranes in a
biomass/coal combined strategy for reducing CO2 emissions:
permeation study of selected membranes under different
CO2-rich atmospheres, Catal. Today (2015).
[40] J.M. Serra, et al., Oxygen permeation through tape-cast
asymmetric all-La0.6Sr0.4Co0.2Fe0.8O3−ı membranes, J. Membr.
Sci. 447 (2013) 297–305.
[41] J. Caro, Hierarchy in inorganic membranes, Chem. Soc. Rev.
(2015).
[42] H. Nishihara, et al., Ordered macroporous silica by ice
templating, Chem. Mater. 17 (3) (2005) 683–689.
[43] P. Gannon, et al., Thin ﬁlm YSZ coatings on functionally
graded freeze cast NiO/YSZ SOFC anode supports, J. Appl.
Electrochem. 39 (4) (2009) 497–502.[44] A.Z. Lichtner, et al., Dispersion, connectivity and tortuosity
of hierarchical porosity composite SOFC cathodes preparedc e r á m i c a y v i d r i o 5 5 (2 0 1 6) 45–54
by freeze-casting, J. Eur. Ceram. Soc. 35 (2) (2015)
585–595.
[45] H. Takamura, et al., Oxygen permeation and methane
reforming properties of ceria-based composite membranes,
J. Alloys Compd. 408–412 (2006) 1084–1089.
[46] H. Takamura, et al., Oxygen permeation properties of
ceria-ferrite-based composites, J. Electroceram. 13 (1–3)
(2004) 613–618.
[47] H. Luo, et al., CO2-stable and cobalt-free dual-phase
membrane for oxygen separation, Angew. Chem. Int. Ed. 50
(3) (2011) 759–763.
[48] M. Balaguer, et al., Fast oxygen separation through SO2- and
CO2-stable dual-phase membrane based on
NiFe2O4-Ce0.8Tb0.2O2−ı, Chem. Mater. 25 (24) (2013)
4986–4993.
[49] S. Escolástico, M. Schroeder, J.M. Serra, Optimization of the
mixed protonic-electronic conducting materials based on
(Nd5/6Ln1/6)5.5WO11.25−ı, J. Mater. Chem. A 2 (18) (2014)
6616–6630.
[50] S. Escolástico, et al., Outstanding hydrogen permeation
through CO2-stable dual-phase ceramic membranes, Energy
Environ. Sci. 7 (11) (2014) 3736–3746.
[51] S. Escolástico, et al., Hydrogen separation in La5.5WO11.25−
membranes, J. Membr. Sci. 444 (2013) 276–284.
[52] S. Escolástico, S. Somacescu, J.M. Serra, Tailoring mixed
ionic-electronic conduction in H2 permeable membranes
based on the system Nd5.5W1−xMoxO11.25−ı, J. Mater. Chem.
A 3 (2) (2015) 719–731.
[53] C. Gaudillere, J. Garcia-Fayos, J.M. Serra, Enhancing oxygen
permeation through hierarchically-structured perovskite
membranes elaborated by freeze-casting, J. Mater. Chem.
A 2 (11) (2014) 3828–3833.
[54] C. Gaudillere, J. Garcia-Fayos, J.M. Serra, Oxygen permeation
improvement under CO2-rich environments through
catalytic activation of hierarchically structured perovskite
membranes, ChemPlusChem 79 (12) (2014) 1720–1725.
[55] C. Gaudillere, et al., Enhanced oxygen separation through
robust freeze-cast bilayered dual-phase membranes,
ChemSusChem 7 (9) (2014) 2554–2561.
[56] H. Wang, et al., Partial oxidation of methane to syngas in a
perovskite hollow ﬁber membrane reactor, Catal. Commun. 7
(11) (2006) 907–912.
[57] K.P. Lee, T.C. Arnot, D. Mattia, A review of reverse osmosis
membrane materials for desalination—development to
date and future potential, J. Membr. Sci. 370 (1–2) (2011)
1–22.
[58] A. Zhu, P.D. Christoﬁdes, Y. Cohen, On RO membrane and
energy costs and associated incentives for future
enhancements of membrane permeability, J. Membr. Sci. 344
(1–2) (2009) 1–5.
[59] M. Majumder, N. Chopra, B.J. Hinds, Mass transport through
carbon nanotube membranes in three different regimes:
ionic diffusion and gas and liquid ﬂow, ACS Nano 5 (5) (2011)
3867–3877.
[60] D. Mattia, Y. Gogotsi, Review: static and dynamic behavior of
liquids inside carbon nanotubes, Microﬂuid. Nanoﬂuid. 5 (3)
(2008) 289–305.
[61] D. Mattia, K.P. Lee, F. Calabrò, Water permeation in carbon
nanotube membranes, Curr. Opin. Chem. Eng. 4 (2014)
32–37.
[62] R. Sattar, A. Kausar, M. Siddiq, Advances in thermoplastic
polyurethane composites reinforced with carbon nanotubes
and carbon nanoﬁbers: a review, J. Plast. Film Sheet. 31 (2)desalination: energy, technology, and the environment,
Science 333 (6043) (2011) 712–717.
